It has been hypothesized that waking leads to higher-firing neurons, with increased energy expenditure, and that sleep serves to return activity to baseline levels. Oscillatory activity patterns during different stages of sleep may play specific roles in this process, but consensus has been missing. To evaluate these phenomena in the hippocampus, we recorded from region CA1 neurons in rats across the 24-hr cycle, and we found that their firing increased upon waking and decreased 11% per hour across sleep. Waking and sleeping also affected lower-and higher-firing neurons differently. Interestingly, the incidences of sleep spindles and sharp-wave ripples (SWRs), typically associated with cortical plasticity, were predictive of ensuing firing changes and were more robustly predictive than other oscillatory events. Spindles and SWRs were initiated during non-REM sleep, yet the changes were incorporated in the network over the following REM sleep epoch. These findings indicate an important role for spindles and SWRs and provide novel evidence of a symbiotic relationship between non-REM and REM stages of sleep in the homeostatic regulation of neuronal activity.
In Brief
Miyawaki and Diba demonstrate that hippocampal firing rates increase in waking and decrease over sleep, across the circadian cycle. The incidence rates of spindles and sharp-wave ripples during non-REM sleep followed by REM were predictive of these changes, suggesting novel mechanisms for the downscaling of neuronal activity during sleep.
INTRODUCTION
Sleep is a biological necessity and strongly affects brain activity. Neuronal activity patterns during mammalian sleep vacillate between rapid eye movement (REM) and non-REM sleep. Each of these states features distinct oscillatory events that carry out specific functions. Slow waves, thalamocortical sleep spindles, and hippocampal sharp-wave ripples (SWRs) during non-REM sleep and theta oscillations and pontine-waves during REM have been separately and together associated with memory processes and synaptic plasticity [1] [2] [3] . Nevertheless, the functions of sleep states and related oscillations remain debated. Sleep's role is also restorative for the body and the brain. We hypothesized that this would be evident in the rate of action potentials generated by neurons. We therefore investigated spiking activity changes over sleep and waking, and the potential mechanisms for effecting those changes.
Action potentials are costly due to the need to restore ions, vesicles, and neurotransmitters [4] , resulting in cellular stress [5] . Additionally, firing rates are affected by and informative of the connectivity within circuits [6, 7] . Recently, Vyazovskiy et al. [8] reported decreased firing in rat barrel cortex across sleep in parallel with decreasing amplitude in slow waves. These slow waves are generated by alternations between UP (depolarized) and DOWN (hyperpolarized) population states during non-REM. Based on this and other evidence, it was argued that DOWN states may provide a mechanism by which synaptic connectivity is downscaled and results in decreased neuronal firing [5, 7] . However, firing changes within epochs were not investigated, and no role was prescribed for REM sleep. In contrast, in a report based on the rat hippocampus but not controlled for circadian or sleep-history effects, neuronal firing increased within non-REM sleep epochs [9] but decreased within and following REM sleep. The firing decreases were correlated with the power of theta oscillations during REM. To reconcile these disparate observations, it was suggested that hippocampus and neocortex operate under different rules [7, 9] , with REM and non-REM serving different roles depending on brain region. Interestingly, neither study investigated potential roles for spindles and sharp-wave ripples, the oscillatory events most associated with network plasticity [3] .
During the course of a day, the brain and body undergo significant variations in sleep pressure, temperature, and plasticity [10] . Apparent differences in studies may arise from differences in time-of-day and sleep-history conditions. To overcome these confounds, we performed long-duration recordings over light and dark cycles in freely moving rats and analyzed spiking and local field activity in hippocampal region CA1 populations along with neocortical surface electroencephalogram (EEG). We found evidence that hippocampal firing rates are regulated, with decreased firing across extended sleep composed of sequential epochs of non-REM and REM, and increased firing over time awake. However, in contrast with expectations, we observed relatively weak relationships between the neuronal firing decreases and both theta oscillations and slow waves. Rather, we found that the incidences of spindles and SWRs during non-REM sleep were strongly predictive of firing decreases, following an intervening epoch of REM. These novel findings suggest that the activities effecting homeostatic changes in neuronal circuits are triggered during non-REM but are implemented over REM sleep. Additionally, they point toward a previously unappreciated role in the regulation of cortical firing by oscillatory events frequently associated with learning and plasticity. Figure 1B ), pyramidal cell firing was highest during active awake and REM sleep and lowest during resting awake, when the animal was awake but immobile, while interneuron firing was highest during active awake, and lowest during non-REM sleep (see also Figures  S2B-S2F ).
Regulation of Firing Rates across Extended Sleep and Stable Waking
Our goal was to test whether sleep and waking produce respective firing decreases and increases, regardless of time of day. Neuronal firing fluctuated during the day ( Figure 1C ; e.g., apparently decreasing at onset of light, following track running session), but it was not possible to attribute these changes to either waking or sleep. We therefore focused on ''extended sleep,'' which we defined as continuous sequences of non-REM and REM epochs lasting in sum >30 min without interruptions >60 s. To avoid confounds from state dependence (i.e., Figure 1B ), we averaged and compared firing rates in pyramidal cells (which account for the majority of our units and the bulk of the brain's energy expenditure [4] ; results were similar for interneurons) within individual epochs. Firing rates in non-REM decreased across extended sleep during both light and dark cycles ( Figure 1D) , showing a significant negative correlation with time, and a significant pairwise decrease between first and last non-REM epochs in extended sleep. These decreases were consistently observed ( Figures S2G-S2I Figure S2I ). Firing rates in REM showed similar pairwise decreases across extended sleep during both light and dark cycles. A significant correlation with time was also observed during light but not dark cycles, likely due the combined effects of shorter extended sleep sequences during dark ( Figure S2J ) and greater variability during REM ( Figure S2K ). Significant decreases were further evident when comparing firing in resting awake epochs immediately before and after extended sleep.
In contrast, when animals awoke, firing rates showed a complementary increase ( Figure 1E ). We defined and detected ''stable waking'' episodes lasting >15 min, involving spontaneous resting and active awake epochs in the home cage. Firing rates during resting awake increased significantly with time awake in both light and dark cycles. These increases (regression slopes) averaged 47 Figure S2I ). Pairwise comparisons showed increased firing between first and last minutes of resting awake during stable waking episodes in both light and dark, and in three out of four animals evaluated separately ( Figure S2H) . A significant correlation was also observed between firing rates during active awake epochs and time in stable waking, but only in dark cycles (and not pairwise comparisons), likely due to the sporadic and infrequent occurrence and variable firing of awake activity in the home cage ( Figures S2A and S2K ). In summary, we found that hippocampal firing rates rise quickly during waking and decrease across sleep in both light and dark cycles. We next sought potential mechanisms for the decreases over sleep.
SWRs and Spindles during Non-REM Predict Decreased Firing
We hypothesized that SWRs and spindles are the most likely candidate mechanisms for producing changes in network firing. SWRs and spindles are well suited for driving plasticity [1, [12] [13] [14] and were observable in the hippocampal LFP (Figures 2A and 2B [15] ), modulating neuronal spiking ( Figure S3A ). SWRs coincided with spindles ( Figure 2C ) and were phase-locked to the trough of the spindle oscillation ( Figure 2D ). We therefore measured the incidence rates of spindles and SWRs and tested whether they predicted firing changes across non-REM i /REM/non-REM i+1 triplet sequences. Remarkably, we found that the incidence of spindles during non-REM i was highly predictive of the decrease in mean firing rates observed in the very next non-REM i+1 epoch ( Figure 2E ). This relationship remained significant in both light and dark cycles ( Figure S3B ) and in three out of four animals evaluated separately (the fourth showed a consistent trend). A similar predictive relationship was observed for the incidence of SWRs ( Figure 2F ), and in dark (but not light) cycles evaluated epochs in extended sleep in non-REM (3, separately ( Figure S3C ). These relationships were not redundant; partial correlations between incidences and across-sleep firing changes were significant for spindles when controlling for SWRs, and vice versa ( Figure S3D ).
To verify the robustness of these relationships, we performed a number of additional analyses. First, both predictive relations persisted even when we excluded the minority of spikes (31.5% ± 0.5%) fired during spindles and SWRs (data not shown). Interestingly, firing and participation rates strictly within these events increased, even while average firing rates decreased across sleep ( Figure S3E ). Nevertheless, incidence rates of spindles and SWRs covaried with firing rates (r = 0.49, p = 2.6 3 10 À20 for spindles and r = 0.51, p = 8.5 3 10 À22 for SWRs). To ensure that this covariation could not explain our observations, we calculated and confirmed significant partial correlations ( Figures S3F and S3G ) between both spindles (r = À0.26, p = 4.0 3 10 À6 ) and SWRs (r = À0.15, p = 0.0094) in non-REM i and firing rate changes when partialling out (controlling for) the spindle/SWR correlations with firing rate. In contrast, there was no significant partial correlation in the reverse direction, when i and i+1 were flipped ( Figures S3F and S3G ). Critically, spindles and SWRs predicted firing changes only between non-REM epochs separated by REM but not by waking ( Figure S3H ). In summary, our observation could not be simply explained by (E and F) In non-REM i /REM/non-REM i+1 sequences, incidence rates of spindles (E) and SWRs (F) in non-REM i were predictive of subsequent changes in mean firing rate between non-REM i and non-REM i+1 (306 sequences in 19 sessions). ***p < 0.001.
covariability of spindles/SWRs and firing rate or by firing within spindles and SWRs themselves. We further reasoned that neurons that specifically activate during spindles and SWRs could display greater firing decreases. We compared correlations between the firing rate changes of each neuron and the incidence of spindles/SWRs in which that neuron fired versus those in which it did not fire. In support of our hypothesis, we found stronger correlations in the former (i.e., fired) case than in the latter (not fired) case (r = À0.19 versus À0.10, p = 3.7 3 10 À13 for spindles, and r = À0.12 versus r = À0.09, p = 0.008 for SWRs, Meng's z-test).
Firing Rates Decrease following Theta Oscillations during REM These observations suggest that the key mechanisms for homeostatic regulation of firing occur during non-REM sleep. However, consistent with an earlier study [9] , we also found that firing rate decreases across non-REM i /REM/non-REM i+1 sequences correlated with the power of theta oscillations during the intervening REM epochs (r = À0.15, p = 0.008; Figure 3A ). When the data were split according to time of day, this correlation remained significant in light (r = À0.15, p = 0.028) though not in dark cycles (r = À0.14, p = 0.20; Figure S4A ), likely because of diminished statistical power (lower sample size). Interestingly, we also found a significant correlation between the firing decreases and the durations of the REM epochs (r = À0.16, p = 0.004; Figure 3B ). This correlation was similarly significant in light (r = À0.19, p = 0.006) but not in dark cycles (r = À0.14, p = 0.19; Figure S4B ).
We conjectured that some of these features of REM sleep might in fact be triggered in the preceding non-REM epoch. Indeed, we found that the incidence rates of spindles and SWRs during non-REM epochs were significantly predictive of theta power in the immediately following REM epochs (r = 0.096, p = 0.048, and r = 0.20, p = 2.5 3 10
À5 for spindles and SWRs, respectively; Figures 3C and 3D ), though not of the REM epoch durations (r = À0.03, p = 0.54, and r = 0.04, p = 0.47, respectively). Mean firing rates in non-REM were also predictive of theta power during the following REM (r = 0.22, p = 7.6 3 10
À5
). Yet, unlike for spindles and SWRs, the partial correlation between theta power and firing changes was not significant when partialling out for mean firing rate (r = À0.07, p = 0.20). Overall, these observations suggest that the mechanisms for sleep-dependent firing rate decreases originate in non-REM sleep, but REM may provide a window (the longer the better) for incorporating the changes within the network.
Progressive Decrease of Hippocampal Slow-Wave Activity over Sleep Slow waves, arising from 0.5-4 Hz transitions between UP and DOWN states, are another key feature of non-REM sleep. The amplitude of the neocortical slow wave has been proposed to reflect sleep pressure [16, 17] as well as firing rate homeostasis [8, 18] . While CA1 cells do not show bistable UP/DOWN membrane potentials [19, 20] , recent work indicates that slow waves can propagate the hippocampus from the entorhinal cortex [19] [20] [21] . We therefore asked whether slow-wave activity in the hippocampus (hSWA) shows similar patterns. In two animals, we detected slow-wave activity in the neocortical EEG (nSWA) over the frontal lobe and, as expected, observed decreasing nSWA across the light cycle [16, 17] (Figures 4A and 4B) . We then performed these same measurements on the concurrent hippocampal LFP and observed robust hSWA that similarly decreased across the light cycle (Figures 4A and 4B ; see also Figure S5 ). hSWA was not volume conducted, but reflected local neuronal spiking (Figures S5A-S5C ). The timing of spindles and SWRs were likewise modulated [22, 23] , reaching a maximum 20 ms following the slow-wave peak ( Figures S5D and S5E) . Overall, hSWA and nSWA covaried ( Figures 4A and 4C) , with neocortex leading the hippocampus ( Figure 4D ). Within non-REM epochs, hSWA and nSWA increased, often reaching an asymptote and dropping during intervening REM and waking epochs. These patterns were well described by the ''process S'' model [17] (Figures 4E and S5F ), indicating that hSWA patterns are consistent with sleep regulation and, potentially, synaptic homeostasis [17, 18] .
Firing Rates Decrease Independently of Slow-Wave Activity Slow waves, and DOWN states in particular, were proposed as a mechanism for downscaling cortical connectivity [5, 7, 24, 25] , which could produce lower firing across sleep [6] . However, we failed to find a significant correlation between hSWA and firing rate changes between non-REM i+1 and non-REM i (Figure 4F) . Across-epoch firing rate decreases were also not significantly predicted by the incidence, duration, or fraction of DOWN states (periods >50 ms with no unit spikes [8, 9] ) during non-REM i (Figures S5G-S5I ). We did, however, find a significant correlation with the mean power in the delta (<4 Hz) band (r = À0.17, p = 0.003; Figure S5J ), an alternate measure of slow-wave activity. However, this correlation was weaker than the ones for spindles (p = 6.4 3 10 À4 , Meng's z-test) or SWRs (p = 0.008, Meng's z-test).
SWRs and Spindles Were Most Predictive of Firing Decreases during Sleep
To determine the most effective predictor of firing rate decreases, we performed multiple regression analyses with the difference in firing rate between non-REM i and non-REM i+1 as the dependent variable. Since the incidence rates of spindles and SWRs were correlated (r = 0.42, p = 1.1 3 10 À14 ), we performed the analysis twice, with mean delta power, mean theta power, and either spindle incidence or SWR incidence as the independent variables. Both analyses were significantly predictive, with the model including spindle incidence (R 2 = 0.18, p = 8. On the other hand, delta power did not significantly explain the variance in either case (b = À0.054, p = 0.31 and b = À0.009, p = 0.88 for spindle and SWR models, respectively). We therefore conclude that spindles and SWRs during non-REM sleep were the most reliable predictors of hippocampal firing rate decreases across sleep.
Enhanced Firing following Prolonged Waking
We saw that firing rates increased rapidly during spontaneous waking in the home cage ( Figure 1E ). We then tested whether firing would increase further after prolonged active waking behavior. We recorded seven sessions from three animals during extended track running at the end of the dark cycle (6-9 a.m.) and clustered the units with 3 hr in the home cage before and after ( Figure S6 ). Firing rates were highest during track running but reached a plateau. Nevertheless, this enhanced firing persisted during both active and resting awake after the track ( Figure 5A ), partially due to the stimulating effect of novel environments [26] , even though movement was similar before and after the track (speed DM = 0.77 ± 0.64 cm/s, p = 0.24; acceleration DM = 0.55 ± 0.59 cm/s 2 , p = 0.36, paired t test, during active awake). Firing rates, hSWA, and the incidence rates of SWRs and spindles showed similar increases in the first non-REM epochs after the track, but, importantly, firing subsequently dissipated ( Figures  5B and 5C ). SWRs were also seen outside of non-REM, during resting waking. However, we failed to find a significant correlation between the incidence of waking SWRs and firing rate changes over sequential lower-and higher-firing neurons differently, we created 10,000 surrogate ''null'' sleep sequences by shuffling before and after (i and i+1) indices. We measured changes relative to the surrogate mean (''deflection index'') within each rank-ordered quintile. Across sleep, all quintiles showed decreased firing. However, one-way ANOVA revealed that the amount of change between sequential non-REM i and non-REM i+1 epochs depended significantly on the firing rate quintile in non-REM i (p = 1.2 3 10 À56 , one-way ANOVA; Figure 6A) . Surprisingly, the lower-firing cells appeared to show the largest relative firing decreases. A somewhat similar pattern was seen for firing rates within REM epochs ( Figure 6B ). Meanwhile, comparisons in the resting awake state ( Figure 6C ) showed increased firing across the population, with significances in the median quintile following stable waking and in all quintiles following 3-hr track sessions. ANOVA could not detect significant differences across quintiles for REM and resting awake, perhaps because of the higher variability in these states ( Figure S2K ). These findings indicate that the relative excitability of neurons is ever changing over waking and sleep, with each state preferentially affecting different populations.
DISCUSSION
The processes that take place during sleep significantly affect the functions of neurons, their firing dynamics, network connections, and related energy expenditures [5, 7, 27] . Here, we observed an overall 11% per hour decrease in firing during sleep, which has important consequences for the organism. Action potentials are energetically costly, resulting in as much ATP consumption as an equal mass of leg muscle tissue during a marathon [4, 28] . Higher firing and vesicle release also translate into higher metabolic and respiration rates, producing greater oxidative stress, and potentially resulting in cellular damage, accelerated aging, neurodegeneration, and cancer [5, [29] [30] [31] . Therefore, our findings have significant consequences both for energy expenditure and for the stability and integrity of cortical networks. Based on apparently conflicting reports, it had been reasoned that the hippocampus and neocortex operate under different rules [7, 9] , but our findings demonstrate that activities in these regions are consistent in multiple ways. First, slow waves and spindles are widely considered neocortical oscillations, but we found them in the hippocampus as well. These oscillations showed similar across-sleep patterns in both neocortex and hippocampus. Given the absence of direct thalamic projections, except through reuniens, hippocampal spindles and slow waves are in fact likely inherited from the entorhinal cortex [15, 19, 20] . Additionally, the state-dependent firing patterns we observed were consistent with those in the barrel cortex [8] ; putative interneurons comprised roughly half of recorded neurons in [8] and were weighed more due to their higher firing rates. In our study, interneurons fired most during active waking, decreased in firing from waking to non-REM and increased from non-REM to REM ( Figures S2B and S2E) , as was reported for merged populations in the barrel cortex [8] . Thus, our work reconciles previously conflicting accounts and suggests that similar mechanisms are at work throughout the (allo-and neo-) cortex.
Downscaling of synapses, driven by neuronal excitability [32] , is a likely candidate for the decreased firing rates we observed [6, 7, 18, 32] . Our findings indicate that this process occurs during sleep, as predicted by the synaptic homeostasis hypothesis [7, 18] . Alternations between network UP and DOWN states were proposed as a mechanism for sleep-dependent regulation of neural activity [7, 24, 25] . Indeed, the $1-Hz frequency of slow waves during non-REM sleep is consistent with long-term depression (LTD) [33, 34] . However, a predictive relationship between slow-wave activity and neuronal firing rates had not been previously tested in large-scale neuronal recordings. The lack of correlation between either slow-wave amplitudes or the incidence of DOWN states and the firing rate changes in our data argues against their direct involvement in downscaling neural activity. We did detect a significant effect of power in the delta band, but this effect was explained by covariation with spindles and SWRs. Thus, our data suggest that slow-wave activity may serve to downscale synapses largely through coordination of spindles and SWRs [19, 22] . Nevertheless, since hippocampal CA1 neurons do not demonstrate bistable UP/DOWN membrane potentials [19] , it remains possible that a weaker DOWN hyperpolarization in hippocampal cells prevented a detectable effect through this mechanism.
Importantly, our results point toward new mechanisms during non-REM sleep for initiating network downscaling, specifically thalamocortical sleep spindles and hippocampal SWRs. Both spindles [14] and SWRs [12, 13] Figure S6 ). Bins in which firing rates were significantly higher than the pretrack 3-hr average (horizontal dotted lines) are marked (Tukey-Kramer test).
(B) Comparing non-REM sleep before and after the track session, we observed an increase in firing rates in first non-REM epoch post-track compared to the last non-REM epoch pre-track. This increase dissipated over the course of post-track sleep. Significant differences were tested with Tukey-Kramer following one-way ANOVA (p = 7.9 3 10 À7 ).
(C) Comparing non-REM sleep before and after track sessions, mean hSWA, SWR incidence, and spindle incidence increased. *p < 0.05, **p < 0.01, ***p < 0.001. Error bars, SEM.
have been linked to memory improvements following sleep [3] . These and other observations have led to speculation that reactivation of neuronal ensembles during spindle/SWR complexes, coordinated by slow waves, plays a pivotal role in systems consolidation of memory [1, 3, 19, 22, 35] and may spare ensembles from synaptic downscaling [7, 36] . Our study suggests that they may also play a central role in the regulation of neuronal activity and connectivity. How can sleep spindles and SWRs trigger decreases in neuronal firing? One possible explanation is that the similarity between reactivated and behavioral sequences decreases rapidly in sleep [37] . Thus, the bulk of sleep firing patterns may not be true ''replay,'' but noisy and unfaithful to waking, providing a means for net synaptic downscaling. Another possibility is that recurrent conduction delays combined with synchronous population bursts during SWRs produce depression at CA3 synapses [38] (but see [39] ). A third possible scenario is that the biophysical mechanisms underlying SWRs serve to downscale synaptic connections, either through dendritic depolarization in the absence of postsynaptic spiking [12, 13, 40] , or through the antidromic propagation of spikes [41] . Similarly, during spindles, Ca 2+ influx coupled with shunted somatic spiking [14, 23] and an 8-to 16-Hz timescale [42, 43] are fully consistent with LTD. While additional research is necessary to understand the biophysical details surrounding these events, our findings indicate that mechanisms of memory consolidation and those of homeostatic regulation of neuronal firing may be intimately intertwined. A possible caveat remains that the correlation between these events and the observed firing rate decreases may arise from a third agent affecting both variables through global excitability. However, we controlled for global excitability (i.e., mean firing rate) in our partial correlation analysis ( Figures S3F and S3G) , and we saw no significant partial correlations when before and after indices were flipped. Furthermore, it is unclear how and why this third agent would affect spindles/SWRs more strongly than other events, such as slow waves, a widely used measure of sleep pressure [16, 17] , or theta oscillations [9] . Moreover, none of the neuromodulatory systems [44] appear to follow the activity patterns we observed ( Figure S2 ). Extracellular adenosine, another potential candidate, covaries with sleep pressure and inhibits synaptic transmission and neuronal excitability [45, 46] , but decreasing adenosine levels over sleep would be expected to increase (rather than decrease) excitability [46] . In sum, we find it unlikely that a global modulator simultaneously and coincidentally modifies spindles/SWRs in an epoch and then decreases firing in the subsequent epoch.
The question remains what, if any, role does REM sleep play in these homeostatic processes? Our partial correlation analysis indicated that theta power during REM was not a strong predictor of firing rate decreases. Moreover, the power of theta during REM was predicted by the rate of spindles in the preceding non-REM, indicating that the mechanisms for regulating firing were triggered in non-REM. However, these firing changes were not manifest until an interleaving epoch of REM sleep. The non-REM firing rate decrease across sleep were also correlated with the duration of REM, and firing rates during waking were lower following transitions out of REM sleep than out of non-REM ( Figure S2 ). Our results therefore suggest that REM sleep may play a role in incorporating the processes initiated during non-REM sleep [47, 48] .
EXPERIMENTAL PROCEDURES Animals and Data Collection
All procedures were in accordance with NIH guidelines and were approved by the University of Wisconsin-Milwaukee Animal Care and Use Committee. Four male Long-Evans rats were anesthetized with isoflurane and implanted with ''Buzsaki 64'' silicon probes (NeuroNexus) targeting dorsal hippocampus region CA1. In three of the rats, two stainless steel wires were placed into the nuchal muscles to measure the electromyography (EMG). In two of the rats, screws were inserted on the skull above the right frontal lobe for EEG. Movement was tracked with an overhead camera. In total, we analyzed eleven 12-hr sessions and one (interrupted) 6-hr session from the light cycle and seven 9-hr sessions during the dark cycle. In seven additional sessions, we concatenated the data from both light and dark cycles, in order to track neurons from before, during, and after extended track running sessions. Rats were maintained in a home cage except during the last 3 hr of dark cycles, during which three of four were put on a linear track in the same room and given water reward after every traversal. The remaining rat yielded data only during the light cycle. For further details, see Supplemental Experimental Procedures.
Data Analysis
Sleep and waking were separated based on EMG and the animal's movement. Sleep states with high hippocampal theta were classified as REM (rapid eye movement), and the remaining sleep states were classified as non-REM. Similarly, waking periods with high theta were labeled ''active awake,'' and the remainder were labeled ''resting awake.'' In one rat in which EMG signals were not recorded, timing of sleep-state transitions was determined based on slow waves, which are observed only in non-REM sleep, and REM was inferred from high theta epochs with no movement, sandwiched between non-REM epochs. Data from this animal were consistent with the rest. Epochs were defined by state transitions into and out of a given state. Interruptions <10 s were ignored. Unit clustering and cell classification were performed as previously described [49] . Firing rate z scores were calculated using means and SDs in 1-min bins. Similar results were obtained using non-normalized (Hz) and mean-normalized firing rate measures (e.g., Figure S2I ). Unless explicitly stated, data were pooled across light and dark cycles.
Change and Deflection Indices ''Change index'' for variable X was defined as ðX post À X pre Þ=ðX post + X pre Þ. The ''deflection index'' was defined as the difference between the change index and the mean of 10,000 surrogates obtained by randomly flipping before/after indices. Significance was obtained from the confidence intervals of the surrogate distribution.
Oscillatory Event Detection
SWRs (130-230 Hz) with peak band-passed power greater than 5 SDs of the mean were detected following previously described methods [50] . Hippocampal LFP and neocortical EEG were again band-pass filtered (9-18 Hz), and candidate spindles were detected when amplitudes of the Hilbert transform exceeded 1.5 SDs above the mean for >350 ms [15] . We applied a commonly used method [8, 18] to detect the amplitude of individual slow waves (referred to as slow-wave activity) in the neocortical EEG (nSWA) and the hippocampal LFP (hSWA). 
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